This paper presents a compliant end-effector that cuts soft tissues and senses the cutting forces. The end-effector is designed to have an upper threshold on cutting forces to facilitate safe handling of tissue during automated cutting. This is demonstrated with nonlinear finite element analysis and experimental results obtained by cutting inhomogeneous phantom tissue. The cutting forces are estimated using a vision-based technique that uses amplified elastic deformation of the compliant end-effector. We also demonstrate an immersive tele-operated tissue-cutting system together with a haptic device that gives real-time force feedback to the user.
Introduction
Current trends in minimally invasive surgery show increasing use of robot assisted telesurgeries [1, 2] . Haptic feedback is known to alleviate burden on the surgeon and thus, reduce the surgery time and errors [3] . Providing haptic feedback is complex. It remains elusive in current surgical systems [4] . The first step towards providing haptic feedback in a surgical system is to measure the forces of interaction between the end-effector and the tissue that is being cut [5] .
End-effectors that interact with tissue usually consist of a scalpel or suturing tool [2] . Forces arising in an end-effector and tissue interaction are, in general, measured using off-the-shelf force sensors [5] [6] [7] . Methods involving estimation of interaction forces using material models are also reported in the literature [8, 9] . However, these methods are not realistic as they do not incorporate inherent material nonlinearity and inhomogeneity of the biological material. An alternative technique to measure cutting forces using compliant mechanisms is considered in this paper.
Compliant mechanisms are deformable structures and their advantages over rigid link mechanisms have been exploited in end-effector design [10, 11] . Kota et al. [9] presented a new design of a compliant end-effector for manipulating a kidney. Howell et al. [10] used a folded-beam design for an end-effector in microscribing and thereby improved the quality of scribing. These two papers highlight the fact that compliant mechanisms can be used to apply minimal amount of force during manipulation. Discussed in the present paper are two more advantages of compliant endeffectors in enabling the forces and limiting the cutting force while the end-effector is in operation. Thus, a compliant endeffector that holds the scalpel, senses the cutting-force, and passively limits the cutting force, is the focus of this paper.
Compliant mechanisms [12] transmit and transform motion/ force using elastic deformation unlike jointed rigid-link assemblies. By using a displacement-amplifying compliant mechanism (DaCM) [7] , we enhance the motion of the cutter (e.g., a scalpel) so that the amplified motion is visually measured, which is in turn correlated to the force exerted by the cutter on the tissue [13] [14] [15] . Although the design of DaCMs is dependent on the inputs from the biological specimen, the working (including the force-sensing) is independent of the specimen. This is in contrast to other vision-based force-sensing techniques in which the deformation of the object is used for estimating force. In order to meet high update rate of the haptic device, the force is estimated based on precomputed force versus displacement characteristic of the end-effector.
In the designed system, a scalpel is attached to the compliant end-effector that is moved by a slave manipulator. The force applied by the scalpel is kept under check passively by the design of the compliant end-effector. This feature of compliant endeffectors is beneficial in carefully removing the hard and stiff tumor from the surrounding soft tissue for pathological studies. Also, in tele-operated surgeries hard bone may need to be protected while handling the surrounding soft tissue. An example is included later in the paper to illustrate this.
The rest of the paper is organized as follows: (1) the experimental setup is described in Sec. 2, (2) Sec. 3 discusses simulation, force-limiting feature, and calibration of cutting force, (3) Sec. 4 discusses testing and verification of the compliant end-effector, and (4) lastly, concluding remarks are discussed in Sec. 5. Figure 1 shows the tele-operation setup in which the user controls a master device (a haptic robot) to remotely operate a slave manipulator. The motion of the slave manipulator that carries the compliant end-effector is used to cut the tissue.
The Setup
The setup consists of a three degree-of-freedom (dof) XYZ micropositioner (MP-285, Sutter, Inc.), two complementary metal-oxide-semiconductor (CMOS) cameras and a compliant mechanism-based polypropylene end-effector along with a scalpel. Close-up views of the setup are shown in Fig. 2 . The force-sensing compliant mechanism and the camera mounted to facilitate image processing (the camera located at the output side of the compliant mechanism) are packaged in an acrylic casing. Here, the compliant mechanism along with the acrylic casing containing the camera is called the compliant end-effector (see Fig. 3 ).
The compliant end-effector is moved by the XYZ positioner, which in turn is controlled by a remote user through a haptic device (PHANTOM Premium 1.5/6DOF HF, SensAble Technologies Inc.). The haptic device is connected to the master computer while the XYZ positioners are connected to a slave computer. The two computers exchange data through local area network (LAN).
A remote user operates the stylus of the haptic device to provide motion to the cutter. The position of the stylus is fetched by the master computer from the haptic device and is sent to 1 the remote slave computer connected through LAN. The slave computer commands the micropositioner carrying the compliant end-effector to move and thereby cut the tissue. The camera, mounted onto the compliant end-effector captures the image of the output point of the mechanism and passes it to the visionbased force-sensing algorithm on the slave computer, which in turn processes the image and sends the computed force to the master computer. The tissue-cutting force is scaled up to a suitable value and given to the user. The user is also given a visual feedback of the cutting operation with the help of a second CMOS camera. Thus, the entire process of cutting takes place with the help of four concurrent computation threads: haptic thread, LAN communication thread, manipulator thread, and the vision-based force-sensing thread (see Fig. 4 ). All these threads are implemented using Microsoft Visual Cþþ.
Compliant End-Effector
The topology of the compliant mechanism used in our work was designed by Saxena and Ananthasuresh [16] . This particular mechanism was chosen for two reasons. First, this mechanism is a DaCM using which is beneficial in improving the resolution of force-sensing. Second, we observed that this mechanism retracts vertically (along the y-axis in Fig. 5(a) ) when a threshold on the horizontal (i.e., along the x-axis in Fig. 5 (a)) force is reached at the input. This feature can be used to limit the force while the tissue is being cut.
The chosen mechanism has one input port and two output ports. To understand its important characteristics, namely, the displacement amplification and scalpel retraction, one can represent it in terms of springs and levers using the spring-lever model [17] as shown in Fig. 5 (b). It should be noted here that the retraction point is the same as the input point of the mechanism, but acts in a different direction, but in Fig. 5 (b), they are shown to be separate. Spring k ci offers resistance against external cutting-force. The amplification factor for the displacement from the input port to the first output port (where the force is sensed) is given by n 1 . Retraction factor for the displacement from input to the second output (i.e., retraction) port is given by n 2 . Here, the parameters k ci and n 2 together will influence the cutting force that the mechanism can apply for a given depth of cut. Both output ports have their own stiffness, namely, k co1 and k co2 . The parameters k ci and n 1 together will influence the resolution of sensing the force of cutting. The mechanism, used in this work, has nonlinear input port stiffness reaching its lowest value of about 110 N/m, nonlinearly varying amplification factors n 1 and n 2 reaching their maximum values of about 2.1 and 0.72, respectively. The values of k co1 and k co2 for this mechanism are about 95 and 130 N/m. It may be noted that k co1 is not important here because there is no load or work-piece at the first output.
The end-effector was fabricated using a computer numerical control (CNC) milling machine. The dimensions of the mechanism were scaled based on the minimum feature of 0.7 mm that could be achieved using the CNC milling machine. The fabricated mechanism has an overall width of 70.7 mm and height of 47.6 mm. A 10-mm long surgical scalpel is attached rigidly to the mechanism. A drawing of the mechanism along with its dimensions and the fabricated polypropylene prototype are shown in Fig. 6. 3.1 Limiting the Cutting Force. In order to understand how the cutting force is limited, it is important to know how cutting is performed. The compliant mechanism is anchored on a rigid plate at two places as shown in Fig. 7 . The rigid plate is part of the Transactions of the ASME acrylic casing. The rigid plate is translated to the left to enable the scalpel attached to the end-effector cut the specimen. When the scalpel cuts the tissue, the cutting-force is experienced at the input of the end-effector. By virtue of this force, the beam segments present in the compliant end-effector mechanism undergo elastic deformation where some of them may also buckle under large forces. Deformed configuration of the mechanism, under a large load, is shown in Fig. 7 . Beam segments marked 1 and 2 undergo local buckling, which reduces the stiffness of the end-effector. As a result, the scalpel is automatically retracted from the specimen. Although Fig. 7 shows the scalpel out of contact with the specimen in its deformed configuration, in reality it stops on the top edge of the specimen and begins to merely scratch or slide on it.
The finite element analysis of cutting the specimen would involve: estimating the force applied by the scalpel blade on to the specimen due to contact; accounting for the fracture/cutting of the specimen; and estimating the deformation of the mechanism. Fig. 7 The end-effector, attached to a rigid plate, is moved to cut the specimen; some of the beams that buckle due to the force of cutting are pointed out However, in order to simplify the analysis, the deformation configuration of the mechanism with a distributed load is used to mimic the traction boundary condition that the scalpel blade would experience while it cuts the specimen.
Large-deformation analysis of the mechanism using COMSOL MultiPhysics finite element software (www.comsol.com) was carried out to estimate the limiting force of cutting for any depth of the scalpel. Samples of polypropylene were prepared and tested according to ASTM D638-10 standard; the mean value of the Young's modulus was estimated to be 1.5 GPa. The Poisson's ratio was assumed to be 0.33.
As shown in Fig. 8(a) , four points (d [1] [2] [3] [4] ) are chosen on the scalpel to apply force (F c ) is in increments to obtain force versus displacement curves. The force is assumed to be the same at all four points of the scalpel. Force in the Y-direction is not considered because it will be much less than the force in the cutting direction (i.e., Y-direction). The resulting X-component (X e/a ) and Y-component (Y e/a ) of the displacement of the scalpel relative to the rigid plate are shown in Figs. 8(b)-8(c) . The curves in both the figures show a significant decrease in the slope (i.e., stiffness) at force of about 1.1 N. This is because the beam segments begin to locally buckle at this force. However, this is not catastrophic buckling because the beams are biased to bend right from the beginning.
It can be seen in Figs. 8(b)-8(c) that the X-displacements of the four points (d [1] [2] [3] [4] ) are slightly different whereas Y-displacements are almost the same. Hence, a close-up view of the portion of the curves in Fig. 8(c) is also shown. These curves are useful in estimating the maximum cutting force based on the depth of cut. For instance, if one starts cutting the specimen with a depth-of-cut of 7 mm and if the cutting force reaches 1.5 N, it can be predicted from the curve (Fig. 7(b) ) that points d 3 and d 4 would retract from the specimen; the scalpel would no longer be in contact with the tissue. We use curves in Fig. 8(c) and read the cutting force for a particular value of Y e/a that is equal to the depth of cut. When Y e/a is more than the depth of cut, the corresponding point would then have retracted away from the specimen and hence no more cutting occurs. Four vertical lines in Fig. 8(c) correspond to the depths of cut shown in Fig. 8(a) on the scalpel. For example, the maximum cutting force is 2.05 N for 6.96 mm depth of cut.
The curves in Figs. 8(b)-8(c) also help predict the cutting profile. This a priori prediction of the cutting profile is beneficial in determining the maximum depth with which a given specimen can be cut if the cutting-force requirements are approximately known. To demonstrate this, we consider a specimen (see Fig. 9 (a)) with three regions of varying stiffness. The starting portion of 15 mm needs a cutting force of about 0.5 N, the next 12 mm needs about 1.8 N, and the last 18 mm needs about 1 N. These values were obtained based on prior experiments on a specimen specially prepared for experimental validation of the setup and technique. It is to be noted that all our experiments were carried with the same scalpel and at the same cutting speed.
Aforementioned hybrid phantom tissue consisting of gelatinbased hydrogel [18] that mimics the soft tissue and polydimethylsiloxane (PDMS, Sylgard 184) that mimics the stiffer region was prepared. The phantom tissue was cut in two separate steps due to the limited range (25 mm) of the micropositioner. The specimen was initially cut through a distance of 25 mm through regions 1 and 2 of Fig. 9(a) . The remaining 18 mm part was cut after translating the micropositioner and slicing off the initially cut portion. The points on the scalpel were imaged to measure their motion and track the cutting profile experimentally. During the entire cutting operation, the compliant end-effector also measures the cutting force.
Estimating the cutting-profile is carried out using three methods. The first method is to directly track the lift-off value using a displacement-sensing technique; the second method is to estimate the cutting profile by simulating the mechanism for all the cutting forces obtained during cutting; and the third method is by reading off Y e/a for different values of measured cutting force using a priori force-displacement curves in Fig. 8(c) . The cutting profile estimated for our experiment of cutting phantom hydrogel using the three methods is shown in Fig. 9(b) . The two methods, one using a priori curves and the other by direct simulation are both based on nonlinear finite element model of the compliant endeffector. As expected, the two profiles match. The cutting profiles obtained from these two methods are also observed to closely match the experimentally determined cutting profile. However, to experimentally determine the cutting profile of the end-effector, one has to employ a displacement-tracking device like a camera. Using additional camera or displacement sensor makes the system more complex and adds to the cost of the system. Directly simulating the mechanism for the measured cutting forces is observed to be computationally more intensive as it involves solving the finite element model of the mechanism for each of the measured cutting force. The method of predicting cutting-profile by using a priori curves has reduced computational overhead and can be used to predict the cutting profile on the fly for any data. Furthermore, the a priori curves can be used to decide on the depth of cut based on the passive force limit requirement. The loci of the cutting profile determined by a priori curves for the four points on the blade are shown in Fig. 9(c) .
The simulation described in this section assumed the value of the cutting force. But the compliant end-effector has the additional feature of measuring the cutting force, as shall be described in Sec. 3.2.
3.2 Force-Sensing and Calibration. When the compliant end-effector is moved to cut the tissue, the reaction force acts on the input side of the mechanism by virtue of which an amplified displacement is observed at the output point of the mechanism. The amplified displacement at the output of the mechanism is captured by a camera. Our vision-based force-sensing routine employs an algorithm to detect the output edge from the binary image to measure the output displacement in terms of pixels. This displacement is used to find the reaction force from a precalibrated data of force versus displacement curve of the compliant mechanism.
The displacement measured using vision-based technique has an uncertainty of 61 pixel when image cross correlation is not used. To account for this, a minimum of five pixel-displacement was considered for calibration. Hence, the compliant end-effector was made to move against a bending beam-type load-cell with displacement steps of five pixels and the corresponding force detected by the load-cell was noted (Fig. 10) . Figure 10(b) is the output displacement versus input force measured in the experiment. A 7th degree polynomial was used to fit the experimental data. This model is used to compute the cutting force during real-time tele-operation.
Testing and Verification
Phantom tissue with a stiff (PDMS) inclusion inside soft hydrogel is shown in Fig. 11(a) . This was used to compare the compliant end-effector with a rigid end-effector. A load-cell carrying a scalpel at its end is used as a force-sensing rigid end-effector. Figure 11 (b) shows the measured forces in both the cases. It can be observed that the rigid end-effector (having an active upperthreshold of 5 N) cuts both the soft as well as the stiff region with the same depth of cut, while the compliant end-effector lifts off when it comes in contact with the stiffer region and maintains its threshold-force of about 2 N corresponding to a depth of cut of about 2.8 mm. As noted earlier, the depth of cut can be adjusted to change the threshold force.
4.1 Haptic Tele-Operation. Experiments were also carried out to evaluate the immersive tele-operation system in which the user operates the stylus of the haptic robot to cut the phantom tissue consisting of regions of hydrogel and stiffer PDMS. Figure 12 is a plot of the measured force during one such remote tissuecutting operation. When the scalpel comes in contact with the region closer to PDMS the scalpel lifts off and while doing so, it drags the PDMS along with the scalpel. Just after the complete lift-off, there is momentary loss of contact between the scalpel and the specimen that makes the cutting force go down. Then, the scalpel scratches the remaining part of the PDMS with minimal depth of cut. Thus, the PDMS region remains unharmed or minimally scratched while only the intended soft tissue (gelatin-based hydrogel) is cut.
It is to be noted that the force observed during tele-operated tissue-cutting is dependent on several factors which include the velocity of the slave manipulator, motion of the stylus at the user's end, rake angle of the scalpel, and the nose radius of the scalpel. However, the compliant end-effector measures and reacts based on the collective force it experiences irrespective of the source.
Closure
In this paper, we described immersive tele-operated soft-tissue cutting procedure using a compliant end-effector. The main contributions of this paper are:
• development of a compliant end-effector and its use in teleoperated tissue-cutting • demonstration of the ability of the compliant end-effector to passively limit the amount of cutting-force applied on the tissue • use of compliant end-effector as a vision-based force-sensor for haptic feedback • prediction of the cutting-profile based on the characteristic curves obtained using simulations of nonlinear elastic deformation without having to model contact or fracture
It may be noted that the threshold on the cutting force and the depth of cut can be adjusted as desired by suitably designing the compliant mechanism. To fully demonstrate the capability and applicability of this device, tissue-cutting with compliant endeffectors needs to be tested with real tissues. Testing and evaluation of the system under actual surgical situation or dissection is the future course of this work. 
